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ABSTRACT 
 
The nonlinear optical performance of several Fluorene-based molecules was studied using different measurement 
methods and pulse durations. We used picosecond pulses at 532 nm and, femtosecond pulses tunable from 532–810 nm 
for performing open and closed aperture Z-scans, and we used femtosecond 570-930 nm pulses for two-photon induced 
fluorescence (2PF) spectroscopy. The observed nonlinear losses were compared using the three methods. The results 
exhibit much stronger nonlinear absorption with picosecond pulses due to the additional excited-state absorption 
processes involved. Also the nonlinear refractive index was found to be higher for the picosecond measurements. In 
addition using a femtosecond white-light continuum (WLC) pump-probe method we showed that by proper tuning of 
pump and probe wavelengths an intermediate state resonance enhancement (ISRE) of the 2PA can be observed yielding 
the same overall nonlinear absorption observed using picosecond pulses.  
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1. INTRODUCTION 
 
Organic two-photon absorber (2PA) materials have been emerge as a promising candidates for nonlinear optics 
applications such as medical diagnostics1, three-dimensional fluorescence imaging2, three-dimensional micro-
fabrication3, optical storage4, and nonlinear transmission5. The two key features of 2PA which make it an ideal candidate 
for above application are its quadratic dependence on the incident irradiance which provide a three dimensional 
resolution and improve penetration depth into an absorbing medium due to the use of a longer wavelength photons. In 
the last decade several methods for detecting nonlinear properties of materials were applied, such as Z-scan6,7, two-
photon induce fluorescence (2PF) spectroscopy8, pump-probe9, degenerate-four-wave mixing10, and optical Kerr-gate11. 
These measurements methods have been used with different duration pulse varying from nanosecond to femtosecond 
pulses. In this work we compared the nonlinear properties measured in different methods for the same 2PA materials 
samples. As the investigated 2PA materials we choose four Fluorene-based molecules, which were already partly studied 
recently12-14.  The nonlinear performance of the dyes were measured using the following methods; picosecond pulses at 
532 nm for performing open and closed aperture Z-scan, femtosecond pulses tunable from 532 nm - 810 nm for Z-scan, 
femtosecond pulses tunable from 570 - 930 nm for two-photon induced fluorescence (2PF) spectroscopy, and a 
femtosecond white-light continuum (WLC) pump-probe. The observed nonlinear losses were compared between the 
methods. With the picosecond Z-Scan and femtosecond Z-scan we also measured the nonlinear refraction, n2, using a 
closed-aperture set-up.  
Fluoerene-based molecules are promising materials with 2PA cross-sections, δ, varying from 1,000 up to 10,000 GM at 
532 nm14. Such materials with high 2PA and n2 have a potential use in optical information processing devices. Two-
photon absorption has potential to be useful in applications mentioned above and nonlinear refraction can be useful for 
fast response optical switching in communications systems15.  
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Nonlinear loss in organic molecules can result from several mechanisms. A common mechanism is the two-photon-
absorption (2PA) process. Additional contributions can be due to an excited state absorption (ESA) process which is 
sensitive to the pulse duration and detecting methods.  Nonlinear absorption due to a combination of 2PA and ESA was 
already treated following a three level model16,17. In this way both β, the 2PA coefficient and σ the ESA cross-section 
can be extracted from the irradiance dependence of the nonlinear absorption. Briefly, a three level model, shown in 
figure 1, takes in account that first there is a 2PA process from S0 – S1 which is then followed by an ESA from S1 – S2. 
The intensity change inside a nonlinear absorptive material is given by  
 
(1)           I
dz
dI
α−=
 
 
Where I is the intensity, z is the penetration depth inside the nonlinear medium and α is the absorption coefficient. 
Therefore, for a nonlinear material where the absorption coefficient is given by, α = α0 + βI +γI2, the change of 
absorption per irradiance, ∆α/I is a linear function of the irradiance, I:  
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Taking in account the three level model, the third term, γ, is combination of 2PA and ESA and therefore can be 
written as γ = σβτ/(2hν), where σ is the ESA cross-section, τ is the pump pulse duration and hν is the energy of the 
pump photon. Therefore from the intercept of equation (2) the β value can be extracted and from the slope σ can be 
extracted. 
In order to examine the issue of excited-state phenomena in Fluorene-based molecules, we extended our study for 
one of the dyes, #206. We performed Z-scans at several energies with both picosecond and femtosecond systems. In 
addition we performed white-light continuum (WLC) pump-probe spectrometry measurements while varying the probe 
wavelength, pump energy and dye concentration.   
 
 
Figure 1: Schematic diagram of three levels model with 2PA followed by ESA 
 
 
2. EXPERIMENTAL 
 
2.1 Materials  
We studied four different Fluorene-based molecules. The molecules are of the generic form Acceptor-Fluorene-
Acceptor, (could also describe as A-π-A, etc.) samples #206 and #219, and Donor-Fluorene-Donor, samples #11 and 
#18. The basic structure is Phenyl-Styryl–Fluorene-Styryl-Phenyl. The synthesis of the compounds can be found in 
reference 18 and previously results in reference 14. The structures of the dyes are shown in figure 2. The dyes were 
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dissolved in tetrahydrofuran (THF) solution to reach a concentration of 0.01M for #11 and #18 and 0.0025M for dye 
#219. For dye #206 five concentrations were prepared: 0.0025 M, 0.005 M, 0.0075 M, 0.01 M and 0.02 M. 
 
 
 
 
 
 
 
 
 
 
Figure 2: Schematic structure of the Fluorene-based molecules. (1) dye #11, (2) dye #206, (4) dye #18, (5) dye #219. 
 
 
2.2 Methods 
2.2.1 Picosecond Z-scan measurement 
The picosecond Z-scan measurements were performed using a Nd:YAG laser (EKSPLA, PL2143) producing ~20 ps 
(HW1/e) pulses at 532 nm with a pulse repetition rate of 10 Hz. A spatial filtering system was used to produce a 
Gaussian beam. The energy of the pumping beam was controlled using two set of combination of λ/2 wave plate and 
polarizer to obtain energy dynamic range from 20 nJ – 5000 nJ per pulse. The beam was focused using 100 mm focal 
length lens into the sample which was placed on a translation stage allowing the sample to be scanned through the focal 
plane. The beam width at the focal plane was 19 µm (HW1/e2). A beam splitter divided the output beam into one beam 
which passes through a finite aperture, therefore providing the closed-aperture Z-scan, and another beam which is 
completely collected by a detector, providing the open-aperture Z-scan. In order to minimize the effect of pulse energy 
instability a reference beam was split off before the sample into an additional detector. Measurements were restricted to 
laser pulses that fell into an energy “window” of ±5% about the mean energy. All the signal were recorded using a 
computer-controlled data acquisition system.  Each experimental point was obtained by taking the average of 20 pulses. 
Pulse energies were kept as low as possible to avoid saturation effects. Furthermore, for each sample measurements were 
performed at several different pulse energies to assure that we had indeed third-order nonlinearity. The setup was 
checked for calibration with CS2 as reference6 for n2=3x10-14 cm2/W, and ZnSe as reference6 for both, β=5.8 cm/GW and 
n2=-6.8x10-14 cm2/W. Schematic set-up is present in reference 14. 
 
2.2.2 Femtosecond Z-scan measurement 
We used a Ti:sapphire based regenerative amplifier laser system (CPA-2001, CLARK-MXR) which operates at 775 nm, 
at 1 kHz repetition rate, and provides laser pulses 1.0 mJ of energy with a temporal duration of 140 fs. This laser pumps 
an OPA (TOPAS, Light Conversion) which can generate 60 µJ of energy per pulse with a pulse width of 140 fs tunable 
over a range from 500nm to 2.2µm. This output energy was then attenuated and Z-scans were performent in the energy 
range of 10-150 nJ w.  The transmittance beam through the sample was collected completely to obtain open-aperture Z-
scan or collected through a 30% aperture to obtain the closed-aperture Z-scan. The setup was checked for calibration 
with CS2 as reference for closed-aperture and ZnSe and ZnS for the open and closed-aperture Z-scan. 
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2.2.3 Two-photon induce fluorescence (2PF) measurement 
The two-photon induce fluorescence (2PF) spectroscopy uses the same Ti:sapphire femtosecond laser with the TOPAS 
OPA as the femtosecond Z-scan. The fluorescence was collected using photo-multiplier (PMT). The sample solutions 
were contained within 1 cm path length quartz cuvette and the concentrations used were approximately 10-3 M. The 
fluorescence measurements made are relative and calibrated against well-known reference standard: fluorescein in water 
(pH=11). Figure 3 shows a schematic of the 2PF spectroscopy set-up. A detailed description of the set-up can be found 
in references 8 and 13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Schematic of the 2PF spectroscopy set-up 
 
 
 
2.2.4 Femtosecond WLC Pump-probe measurement 
For the femtosecond white-light continuum (WLC) pump-probe measurements we used the same femtosecond laser 
source as for the femtosecond Z-scan.  In this case the laser source pumped two identical OPG (TOPAS). The first OPG 
was pump to generate a strong pump beam whose irradiance can be varied from 30 to 90 GW/cm2. The second identical 
OPG was used to generate a weak, broadband WLC probe beam by focusing 1-2 µJ of 1300 nm light into a 2.5 mm thick 
piece of calcium fluoride. A specific wavelength for probing was chosen by placing a narrow band pass filter in the 
WLC probe beam. A delay line was used to match the temporal position between the two beams at the focus plane. A 
schematic of the set-up is shown in figure 4, and a more detailed description of the set-up may be found in references 7 
and 19. 
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Figure 4: Schematic set-up for femtosecond WLC pump-probe measurements. BS-60/40: beamsplitter, M: mirrors, λ/2 PR: 
polarization rotator, P: polarizer, RR: retro-reflector, BD: beam dump, L: lens, F: neutral density filter, NBF: narrow-band filter, 
SPEC: fiber input spectrometer, CCD: CCD dual diode array for spectrum visualization. 
 
 
2. RESULTS AND DISCUSSION  
 
We compared the observed nonlinear properties using four measuring methods: Picosecond Z-scan, femtosecond Z-scan, 
femtosecond 2PF and femtosecond WLC pump-probe. The picosecond open- and closed-aperture Z-scan measurements 
were performed at 532 nm. The observed scans and results are described in detailed in reference 14. The nonlinear loss 
of series of Fluorene-based molecules measured with picosecond Z-scan varied from 1,000 up to 10,000 GM at 532 nm. 
The femtosecond open-aperture Z-scans were performed in the range 532 nm – 810 nm.  Figure 5 presents a typical 
example for open-aperture Z-scan plot (circle) with the theoretical fitting (line).  
For dye #206 we measured the nonlinear loss as function of concentration for two wavelength 532 nm and 710 nm. The 
dependence is presented in Figure 6, where the nonlinear loss is represented as an "effective  β", given in cm/GW units.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Femtosecond open-aperture Z-scan of the dye #206 (0.02 M) at 532 nm with 35 nJ pump energy. 
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Figure 6: Nonlinear losses, "effective β", values as function of concentration of dye #206 at 532 nm ( ) and 710 nm () with 
femtosecond pulses. 
 
 
From the slope of the linear fits we observed the two-photon absorption cross-section, δ, to be 1200 and 500 GM at 532 
and 710 nm respectively. For the other measured wavelengths for this dye and the additional dyes, δ, was calculated 
directly from the "effective β" values using the concentration of the dyes and the following relationship: δ = hν(β/N0), 
where hν is the photon energy and N0 is the molecular density of the dye. At 532 nm the δ calculated from the 
picosecond results is around 6 times higher than the value measured by the femtosecond open-aperture Z-scans set up. It 
suggests that an additional effect is occurring in the picosecond measurements. In order to verify the influence of 
different effects we performed 2PF experiments, as described in the section 2.D. The 2PF measurements were carried 
out over the wavelength range 570 - 930 nm for the dyes #206 and #219. 2PF spectra for the dyes #11 and #18 were 
measured previously and reported in references 12 and 13. The δ values measured from the 2PF are even lower than the 
values obtained using the femtosecond Z-scan. Figure 7 summaries the observed δ spectra using the three methods for 
dyes #206 and #219. Figure 8 summarizes the observed δ spectra using the three methods for dyes #11 and #18. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: δ spectra measured with three methods for dye #206 (filled sign) and #219 (unfilled sign). The femtosecond Z-scan from 
532 – 810 nm ( ,), femtosecond 2PF from 570 – 930 nm (,) and picosecond Z-scan at 532 nm (, ). 
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Figure 8: δ spectra measured with three methods for dye #18 (filled sign) and #11 (unfilled sign). The femtosecond Z-scan from 532 – 
810 nm ( ,), femtosecond 2PF from 570 – 930 nm (,) and picosecond Z-scan at 532 nm (, ). 
 
 
In order to clarify the contribution of the ESA process, we measured open-aperture Z-scans at 532 nm for dye #206 
(0.0025 M) with pump energies ranging from 0.3 – 2.2 µJ per pulse. The nonlinear absorption was found to be strongly 
dependent on the pump irradiance. The observed scans are presented in figure 9 with a fits for an “effective β” (∆α/Ι).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Picosecond open-aperture Z-scan at 532 nm for dye #206 (0.0025 M) as function of the pumping irradiance; 1,000 nJ (), 
1,250 nJ () and 1,500 nJ (). Dashed lines are best fits assuming two photon absorption to be the only nonlinear absorption 
mechanism. 
 
The dependence of the observed ∆α/Ι on the irradiance is shown in figure 10 with a linear fit. According to equation (2) 
we extract from the linear fit the coefficients β and σ. β was extracted from the intercept to obtain a value of 0.15 
cm/GW, corresponding to a value of 3,700 GM for δ. From the slope we extract the value for σ, obtaining 3.5x10-18 cm2. 
We believe that the value obtained for δ in this measurement is purely due to 2PA. Therefore it is lower than the value 
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reported previously14 by us, since in that study, the measurements were carried out at higher energies and we did not 
extract the contribution of the ESA process from the total nonlinear absorption. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: The observed ∆α/I (“β effective”) at 532 nm for dye #206 (0.0025 M) as function of the pumping irradiance with 
picosecond Z-scan.  
 
 
In order to verify the presence of other effects, like the excited state absorption, in the Z-scan measurements, we also 
performed pump-probe measurements. Figure 11 present the pump-probe plots of dye #206 (a) as function of 
concentration, when the pump wavelength is 532 nm and the probe 500 nm and (b) as function of probe wavelength with 
dye concentration 0.01 M. The fast response signal arises from 2PA, but one can see that there is some slight change in 
the symmetry of the fit to 2PA, perhaps due to the contribution of ESA. We found that by tuning to the right wavelength 
for the probe (500 nm) we can achieve higher values, such as δ = 5,700 GM, see in figure 11b. This value is similar to 
the δ value which was obtained using the picosecond Z-scan method. This kind of enhancement of the 2PA was 
previously attributed to intermediate state resonance enhancement8 (ISRE). Therefore we can assume that also in the 
pico Z-scan measurement in addition to the ESA contribution we have additional contribution of ISRE which may 
explain the high value which was obtained in this measurement compare to the femtosecond Z-scan. The observed 
measured δ values of dye #206 using various measurements methods are summarized in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Pump-probe measurement of dye #206 with femtosecond pulses when the pump wavelength is 532 nm; (a) as function of 
concentration with probe wavelength at 500 nm, 0.01 M ( ), 0.0047 M ( ) and 0.0026 M (). (b) as function of probe wavelength 
with dye concentration 0.01 M, 550 nm ( ), 550 nm ( ) and 570 nm (). 
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Table 1: measured δ values of dye #206 using various measurements methods. 
Measurements 
δ (GM) at 532 nm process δ (GM) at 730 
nm 
process 
Femto 2PF   540 2PA 
Femto Z-scan 1,200 2PA 650 2PA + ESA 
Femto Pump-probe  
Probe at 550 nm 
Probe at 500 nm 
 
1,400 
5,700 
2PA 
2PA + ESA + ISRE 
  
Pico Z-scan  
 
3,700 
6,400 
2PA + ISRE 
2PA + ESA + ISRE 
  
 
In addition we performed a closed-aperture Z-scans of #206 with the femtosecond laser at two wavelengths, 532 nm and 
650 nm. Figure 12 shows an example closed-aperture scan at 532 nm and figure 13 shows the measured real part of the 
nonlinear loss, χ3(R), values as function of concentration. The method to extract γ of the solute from the real part of the 
nonlinear loss, χ3(R), of the solution is describe in reference 14 and 19. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Femtosecond 532 nm closed-aperture Z-scan of dye #206 in THF at a concentration of 0.02 M. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: The real part of the nonlinear loss, χ3(R), as function of concentration for dye #206; for picosecond pulses at 532 nm 
( ), femtosecond pulses at 532 nm ( ) and femtosecond pulses at 650 nm (). 
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From the linear fitting of  χ3 (R) as function of the concentration we observed from the intercept the following values for 
χ3(R) of THF: 3x10-14 esu for picosecond at 532 nm, 2.6x10-14 esu for femtosecond at 532 nm and 1.8x10-14 esu for 
femtosecond at 650 nm. From the slope we extract the following value for γ of the dye:  -9x10-33 esu for picosecond at 
532 nm, -1.5x10-33 esu for femtosecond at 532 nm and -0.17x10-33 esu for femtosecond at 650 nm. The value for χ3(R) at 
532 nm are in good agreement between the two methods and with the reported in the litrature17. However the γ value for 
the dye with the femtosecond pulse at 532 nm is 6 time smaller compare to the value observed in the same wavelength 
with picosecond pulse. A similar effect to what was observed with the 2PA coefficient, β. At wavelength 650 nm the γ 
were much smaller, almost negligible for measuring. 
 
 
3. CONCLUSIONS 
 
We studied a series of Fluorene-based molecules using picosecond Z-scan, femtosecond Z-scan, femtosecond 2PF and 
femtosecond WLC pump-probe. We found that these molecules exhibit a nonlinear loss which is combination of a two-
photon-absorption (2PA) process and an excited state absorption (ESA) process. The contribution of the ESA process 
was found to be influenced by the pumping pulse duration and detection method. The lower nonlinear loss values were 
obtained using the 2PF method with femtosecond pulses. The 2PF method measures a pure 2PA process, since the 
detection is via fluorescence. However, with the femtosecond Z-scan we observed 10-20% increases in the nonlinear 
losses values due to the contribution of excited state absorption (ESA). Moreover, with picosecond Z-scans much higher 
(approximately five-fold) nonlinear losses were observed. This increase is partly due to ESA contributions but mainly 
due to intermediate state resonance enhancement. This was determined by using the femtosecond WLC pump-probe 
measurements. We found that by tuning to the right wavelength for the probe, we get considerably larger nonlinear 
losses. Such an enhancement of the 2PA was previously attributed to intermediate state resonance enhancement (ISRE).  
A similar trend was also obtained for the nonlinear refraction coefficient. Our explanation is that for the longer pulses, 
the energy is larger for the same irradiance and thus, the number of 2PA generated excited states is larger, thus 
increasing the nonlinear loss. 
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